The Andromeda galaxy, M31, has several times the number of globular clusters found in the Milky Way. It contains a correspondingly larger number of low mass X-ray binaries (LMXBs) associated with globular clusters, and as such can be used to investigate the cluster properties which lead to X-ray binary formation. The best tracer of the spatial structure of M31 globulars is the high-resolution imaging available from the Hubble Space Telescope (HST), and we have used HST data to derive structural parameters for 29 LMXB-hosting M31 globular clusters. These measurements are combined with structural parameters from the literature for a total of 41 (of 50 known) LMXB clusters and a comparison sample of 65 non-LMXB clusters. Structural parameters measured in blue bandpasses are found to be slightly different (smaller core radii and higher concentrations) than those measured in red bandpasses; this difference is enhanced in LMXB clusters and could be related to stellar population differences. Clusters with LMXBs show higher collision rates for their mass compared to clusters without LMXBs and collision rates estimated at the core radius show larger offsets than rates estimated at the half-light radius. These results are consistent with the dynamical formation scenario for LMXBs. A logistic regression analysis finds that, as expected, the probability of a cluster hosting an LMXB increases with increasing collision rate and proximity to the galaxy center. The same analysis finds that probability of a cluster hosting an LMXB decreases with increasing cluster mass at a fixed collision rate, although we caution that this could be due to sample selection effects. Metallicity is found to be a less important predictor of LMXB probability than collision rate, mass, or distance, even though LMXB clusters have a higher metallicity on average. This may be due to the interaction of location and metallicity: a sample of M31 LMXBs with a greater range in galactocentric distance would likely contain more metal-poor clusters and make it possible to disentangle the two effects.
Introduction
The high stellar density and age of globular clusters (GCs) make them among the most likely places in the Universe to find the products of stellar dynamical interactions. Among such products are Low Mass X-ray Binary systems (LMXBs), binary systems where one of the components is a compact object, such as a neutron star or black hole. There are several theories as to how these systems form, including capture by remnants of massive stars (Clark 1975) , tidal capture by neutron stars in close encounters by main sequence stars (Fabian et al. 1975) or direct collisions between giants and neutron stars (Sutantyo 1975) . Early work on X-ray sources in the Milky Way found that ∼ 10% of luminous X-ray sources were located in GCs. This observation implies that the probability per unit mass of finding an LMXB is 200-300 times higher in GCs than in the rest of the Galaxy (Verbunt & Lewin 2006) . The high occurrence of LMXBs along with the high central density of GCs leads to the hypothesis that LMXBs should be located close to the center of the cluster. This was confirmed by Jernigan & Clark (1979) , who measured the positions of the LMXBs in GCs and found that the positions of the LMXBs correspond to the center of the clusters within 30 arcsec (Verbunt & Lewin 2006) .
The small number of Galactic globulars with LMXBs, combined with obscuration by dust in the Milky Way's disk, means that it is difficult to correlate the properties of LMXBs with those of their host clusters. The next logical step is to look at nearby galaxies. However, even in nearby galaxies instruments with very good spatial resolution are needed in order to associate LMXBs with GCs. The advent of the Chandra X-ray Observatory made it possible to study X-ray sources in many nearby galaxies out to distances of 20-30 Mpc (Fabbiano 2006 ).
The nearest large galaxy, M31 or the Andromeda Galaxy, has had both its X-ray source and GC populations extensively characterized. Andromeda contains over 2000 GC candidates (Galleti et al. 2009 ) with over 400 of these now confirmed as GCs . Among the first attempts to identify X-ray sources in M31 was the ROSAT PSPC survey of Supper et al. (2001) . This survey was not limited to GC sources, but instead studied the brightest X-ray sources in the galaxy. The survey identified 560 X-ray sources in a 10.7 deg 2 field of view with fluxes 7 × 10 −15 erg cm −2 s −1 to 7.6 × 10 −12 erg cm −2 s −1 (corresponding to luminosities of 5 × 10 35 − 5.5 × 10 38 erg s −1 ). Of these, 33 were identified as with GCs. The 10 brightest sources were identified as belonging to GCs, and all but one showed the spectrum of an LMXB system (Trinchieri et al. 1999 ).
Both XMM-Newton and Chandra observations were used in the next generation of studies of LMXBs in M31 GCs. Di Stefano et al. (2002) used Chandra observations to survey 2560 square arcmin and found that the brightest sources in the majority of their observations resided in GCs. 28 GC LMXBs were studied, 15 of which were newly discovered. The authors identified two main differences between the M31 and Galactic populations: the peak X-ray luminosity of sources in M31 is higher, and the high end of the X-ray luminosity distribution function is more populated in M31 than in the Milky Way. Using both XMM-Newton and Chandra data, Trudolyubov & Priedhorsky (2004) surveyed approximately 6100 square arcminutes of M31 and found 43 LMXBs which were associated with a GC. The brightest sources tended to reside at large galactocentric radii and showed spectral properties of LMXBs, consistent with the findings of Trinchieri et al. (1999) . GCs hosting bright LMXBs tended to be optically brighter and more metal-rich than non-hosting GCs; however, the brightest sources (L X > 10 38 erg s −1 ) tended to reside in more metal-poor clusters.
Taking advantage of more definitive catalogs of M31 GCs in the optical and near-infrared, and more complete coverage with XMM-Newton, Peacock et al. (2010, hereafter P10) updated the comparison of LMXB-and non-LMXB-containing M31 clusters. They identified 41 LMXBs with confirmed old clusters, 3 of these being newly identified, and showed that LMXBs preferred brighter (i.e., more massive) clusters, as well as those with higher stellar collision rates Γ. 2 P10 also found that clusters in which LMXBs resided showed a higher than average stellar collision rate for their mass and suggested that metallicity effects could not explain this phenomenon. They concluded that a high stellar collision rate is the primary indicator of the likelihood of a LMXB being present in any particular M31 GC, consistent with the dynamical formation scenario for LMXBs. Most recently, variability analysis of Chandra observations of 34 M31 GCs and candidates with X-ray sources led Barnard et al. (2012) to conclude that all of the X-ray sources were likely LMXBs.
The question of whether Γ is linearly proportional to the LMXB-hosting probability has implications for LMXB formation and destruction channels. As discussed by , a shallower-than-linear relation can imply that LMXBs are destroyed in the densest clusters, and some previous work has found such a shallower dependence (Jordán et al. 2004; Sivakoff et al. 2007; Jordán et al. 2007 ). However, showed that computations of Γ are sensitive to the exact structural parameters used. They found that computing the collision rate using cluster parameters measured at the half-light radius r h rather than the core, or using core parameters with significant measurement errors, can both result in shallower-than-linear relations. Comparing the collision rate proxy Γ = ρ 3/2 0 r 2 c to the half-light version Γ h = ρ 3/2 h r 2 h for M31 clusters, found the former to be "a much better predictor of whether a cluster will host an X-ray source."
As pointed out, M31 has the only extragalactic GCs for which typical cluster cores are resolved by Hubble Space Telescope (HST ) imaging. This galaxy therefore provides an important bridge between the studies of LMXBs in Galactic globulars and more distant ellipticals. Here we build on two recent studies of M31 GCs: P10, who derived a comprehensive list of LMXB-containing GCs in M31 and studied their structural parameters in ground-based nearinfrared imaging (Peacock et al. 2009), and Barmby et al. (2007) , who used HST -derived surface brightness profiles to show that M31 GCs fall on a fundamental plane similar to those in other galaxies. With a larger sample of clusters than in Barmby et al. (2007) , and better spatial resolution b Reddening values are from Fan et al. (2010) , except for B091D,BH16,NB21 from Caldwell et al. (2011 ), B159 from Fan et al. (2008 ; see text.
c Extinction-corrected color used to convert measurements to the V band; see text.
d Metallicities are from Caldwell et al. (2011) .
e Computed using metallicity-dependent M/L V for an age of 13 Gyr, see text.
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Fig. 1.-HST images of LMXB-host cluster candidates which are not confirmed clusters. Each image is 10 arcseconds across, centered on the cluster position as given by Peacock et al. (2010) with north up and east left. All images are in the F814W filter with the MIT16 image taken by WFPC2 and all others by ACS.
Our total sample of M31 GCs with both LMXBs and HST imaging comprises 41 objects. This is about twice as large as the number of clusters with LMXBs and structural parameters analyzed by Peacock et al. (2009 Peacock et al. ( , 2010 ; the overlap between the two samples is 15 objects, or about 40% of our sample. (The near-IR imaging used by Peacock et al. 2009 covered only the disk of M31 and therefore only about half of the LMXB-containing clusters). The comparison sample for the LMXB clusters includes the 65 old, non-LMXB-hosting clusters from Barmby et al. (2007) , which includes a re-analysis of the clusters studied in Barmby et al. (2002) , and Barmby et al. (2009b) . 3 Most of the comparison sample is from Barmby et al. (2007) , so we abbreviate the reference to the previous studies as B07. Both the LMXB and non-LMXB samples contain both objects specifically targeted for HST observations and clusters serendipitously observed as part of other programs. Unlike P10, these samples do not cover a contiguous region of the galaxy, nor are they complete to some limiting magnitude. Therefore an important question is whether our conclusions are likely to be affected by selection bias. At least some of the programs which targeted M31 GCs with HST (e.g. Ajhar et al. 1996; Meylan et al. 2001; Brown et al. 2004; Barmby et al. 2007; Perina et al. 2011; Tanvir et al. 2012 ) favored massive clusters but, to our knowledge, none of them used the presence of an LMXB as a selection criterion. 4 In this work we did not search the HST archive for additional non-LMXB clusters, and the LMXB and non-LMXB cluster samples do differ in both galactocentric position and metallicity (see Figure 2 ). Since galactocentric position and metallicity are correlated, and both are known to have small but systematic effects on cluster radii (Barmby et al. 2002 (Barmby et al. , 2007 , this is an important complication to our analysis and will be further discussed in Section 3.
For the clusters with newly available HST data, additional cluster properties are needed to convert the observed flux-based measurements to luminosities and mass-linked quantities. To convert fluxes to luminosities, we assume a distance to M31 of 783 kpc (Stanek & Garnavich 1998) , for which 1 ′′ corresponds to 3.797 pc. To correct for extinction, we use the extinction coefficients given by Girardi et al. (2008) and the values of E(B − V ) given by Fan et al. (2010) , with a few exceptions. Fan et al. (2010) find cluster NB21 to be young and heavily-reddened, while Caldwell et al. (2011) find it to be old with little extinction. For this object, we adopt the Caldwell et al. (2011) extinction. Clusters B159 and BH16 do not have reddening values given by Fan et al. (2010) ; we adopt the B159 value from Fan et al. (2008) and the BH16 value from Caldwell et al. (2011) .
Our sample of clusters was observed in various filters but we convert all of these to the V -band for inter-comparison. This was done using the same method used as in Barmby et al. (2007 Barmby et al. ( , 2009b : HST transformations (Sirianni et al. 2005; Holtzman et al. 1995) and ground-based integrated colors. For example, equation 12 and Table 22 of Sirianni et al. (2005) give the transformation from 
where all quantities are extinction corrected and the quantity in square brackets is the Vega magnitude in F475W. This can be re-arranged to give
We use ground-based colors from Version 5 of the RBC, except in a few cases (B148, B375, NB21) where the RBC colors seemed to be far too blue for the spectroscopic metallicity. For B148 and B375 we adopted the Fan et al. (2010) colors; for NB21 we measured an F435W magnitude from the HST image and used this to compute B − V . The extinction-corrected colors (V − x) 0 , where x is the observed-band magnitude, are tabulated in Table 1 . Uncertainties of 0.1 mag in (V − x) 0 are assumed and propagated through the parameter estimates.
To convert V -band luminosity to mass, two options are available: using the predictions of population synthesis models, or directly measured dynamical mass-to-light ratios. The previous work from which our parent sample of M31 clusters was drawn (Barmby et al. 2007 ) used the first method, applying metallicity-dependent mass-to-light ratios from the population synthesis models of Bruzual & Charlot (2003) Strader et al. 2011) , this approach has the advantage of being internally consistent for all of the sample. As a source of metallicity values, we use Caldwell et al. (2011) , which gives values for all clusters except BH16. For this cluster, we assume a typical value [Fe/H] = −1.0. Metallicities and the resulting M/L V are tabulated in Table 1 . As for color transformations, assumed uncertainties of 10% in M/L V are propagated through the resulting parameter estimates.
Surface Brightness Profiles
The images analyzed for this project were taken directly from the HLA. The PHAT data processing is described by Dalcanton et al. (2012) ; the non-PHAT data have the standard HLA processing (combining for cosmic-ray removal, drizzling) applied. Where clusters were observed in more than one filter, we analyzed images in the two filters closest to the V -band, as a check on our results. A number of clusters had images in more than one filter, but with the image in the redder filter showing detector saturation in the cluster core; these saturated images were not analyzed. Image analysis used the same method described in Barmby et al. (2007) and we refer the reader to that paper for the details. Briefly, surface brightness profiles were measured on circular annuli using the ellipse task in IRAF, converted from image counts to solar luminosities per square parsec (L ⊙ pc −2 ), and fit to models using the gridfit code described by McLaughlin & van der Marel (2005) .
The conversion between image counts and solar luminosities per square parsec depends on the image zeropoint, instrument pixel scale, and the solar absolute magnitude in the specific bandpass. The calculation of the conversion factor is described in Barmby et al. (2009b) and the values used here are tabulated in Table 2 for reference. While the solar absolute magnitude for most filters was taken from the tabulation by C. Willmer 5 , for the F336W filter we computed this parameter using SYNPHOT in IRAF, deriving M ⊙,F336W = 5.58.
M31 clusters are reasonably well-resolved in HST imaging, but the effects of the point spread function (PSF) are not completely negligible in fitting surface brightness profiles. A typical cluster core radius (∼ 0.5 pc) subtends 0. ′′ 13 at the distance of M31, only slightly larger than the HST PSF.
gridfit accounts for the PSF by convolving model profiles with the PSF before comparison to the data. PSF profiles for each specific instrument and filter combination were generated using the Web interface to the TinyTim PSF simulator (Krist 2006) . For all instrument/filter combinations, a blackbody source with temperature 4000 K and the nominal telescope focus were assumed. For WFPC2 observations, we generated PSFs for individual cluster, corresponding with the cluster's position on the detector. For ACS observations, we assumed the clusters to be in the center of the chip 1 detector. The different treatment for the two cameras is consistent with previous work (Barmby et al. 2002 (Barmby et al. , 2007 and with the observation that the ACS spatial PSF variation is small compared to that in WFPC2 (Sirianni et al. 2005) . We consider modeling the ACS PSF and data reduction at a finer level of detail to be beyond the scope of this work, and so caution that our derived cluster core parameters are subject to non-negligable uncertainties which are not easily quantified.
Model-fitting and Results
We fit four models to the surface brightness profiles; these are described in detail by McLaughlin & van der Mar (2005) . The King (1966, hereafter referred to as K66) model is the 'standard' model used when describing GCs and is characterized by a single-mass, isotropic, isothermal sphere. The Wilson (1975) model is a slight modification of the K66 models with an extra term in the distribution function that causes Wilson models to be more spatially extended. The King (1962) model is an analytical parametrization of the surface brightness profile sometimes used in studies of marginally-resolved clusters and the 'power law with core' model of Elson et al. (1987) is often used to describe young clusters. Table 3 gives the fitting results for each cluster.
In order to determine which model family we should use for further analysis, we want to deter- Note. - Table 3 is available in its entirety in the electronic edition of the Journal, and at the end of the arxiv version. A short extract from it is shown here, for guidance regarding its form and content. Column descriptions: χ 2 min : unreduced χ 2 of best-fitting model; I bkg : model-fit background intensity; W 0 : model-fit central potential; c = log(rt/r 0 ): model-fit concentration (I(rt) = 0); µ 0 : model-fit central surface brightness, extinction-corrected in the native bandpass of the data; log r 0 : model-fit scale radius. Uncertainties are 68% confidence intervals. Wilson (1975) , power-law (Elson et al. 1987) and King (1962) . ∆ is positive if the K66 model is a better fit than the other model. The PSF is plotted as a dotted line, with the peak intensity arbitrarily scaled to match the peak intensity of the PSF-convolved model. mine which model is best. We do this by calculating the χ 2 difference ∆, as in McLaughlin & van der Marel (2005) . Each model fit has a value of ∆ associated with it, defined as:
According to the equation above, we compare each model fit with K66 model fits. The value of ∆ will be positive if the K66 model is a better fit and negative if the model being compared is better than the K66 model. Figure 3 shows ∆ plotted against projected half-light radius and luminosity from the K66 fit for each cluster/bandpass combination. There are no systematic trends whereby one model family is a better fit for clusters in a specific luminosity or size range. For the majority of clusters, we find a positive value of ∆, meaning that the K66 model is a better fit than the alternatives. K66 models are also the most widely used in the literature, therefore further analysis of these GCs will be done using the K66 model fits. Table 4 gives various derived parameters for all K66 models for each cluster (the details of their calculation are given by McLaughlin et al. 2008 ).
Comparing surface brightness profile fits of the same cluster in more than one bandpass is a useful check on our model-fitting. Including both the B07 clusters and objects newly analyzed here, there are 35 clusters observed in more than one bandpass, with the redder bandpass usually but not always F814W. Of these 35, 23 are LMXB-containing clusters. The fitting results in multiple bands are compared in Figure 4 . The χ 2 difference ∆ is defined such that ∆ > 0 implies a better fit in the red band, and shows that the model fits do not systematically prefer red or blue bandpasses. The agreement between fit parameters is good for most clusters, and the agreement in L V in particular implies that the conversion to the V -band discussed at the end of Section 2.1 works well. There are several clusters for which the model fits return a high concentration and small scale radius in the blue bandpass and a more typical set of parameters in the red filter. Some sample surface brightness profiles and model fits for these clusters are shown in Figure 5 . The agreement between rather different models and similar profiles illustrates that there is some degeneracy in the fits; many of the clusters with small blue r 0 values show double minima in χ 2 as a function of W 0 , with the second minimum at a smaller W 0 /larger r 0 . This is a reminder that even the spatial resolution of HST may not be sufficient to resolve the cores of all M31 star clusters.
A closer look at Figure 4 shows that the non-outlier clusters also show slight systematic offsets between bandpasses: the central potential is higher (median ∆W 0 = 0.1) and scale radius lower (median ∆ log r 0 = −0.03) when measured in the bluer bandpass. These offsets are larger (median ∆W 0 = 0.3, median ∆ log r 0 = −0.09) when only the LMXB clusters are considered. Bluer cores for LMXB clusters would be intriguing in light of the finding by Peacock et al. (2011) that M31 GCs with higher central densities have bluer ultraviolet colors. (Those authors suggest that a population of extreme horizontal branch stars formed through dynamical interactions could account for this effect.) We carried out several tests to determine whether this offset in profile scale radius was the result of measurement bias, and found that the most obvious differences between red and blue filters-PSF and background levels-were not responsible for the offset. However, given the degeneracies in fits noted above, we are reluctant to claim too much significance for this finding.
A larger sample of clusters with more detailed, position-dependent PSF modeling should provide a better understanding of this effect.
The model fits for a few clusters warrant specific comments: Figure 6 shows the surface brightness profile for each. Cluster B138 has a surface brightness profile only in the F475W band as the F814W data were saturated. Its best-fit model has a high central density and small scale radius, like the blue-versus-red outliers discussed above. Cluster BH16 has a similar profile. Clusters B159 and B375-G307 are examples of two clusters where, unlike the clusters shown in Figure 5 , the red and blue band model fit parameters are not drastically different. Strader et al. (2011) found cluster B159 to have an unresolved core, but our fitting procedure finds it to be rather unremarkable. B375 is host to the most X-ray luminous GC in M31 (Trudolyubov & Priedhorsky 2004; Di Stefano et al. 2002) but its surface brightness profile is not particularly unusual and in fact is close to that of B159.
Given the heterogeneous set of archival data we have to work with, a systematic difference in cluster properties between bands raises the important question of how best to compile a dataset for comparison of structural properties between LMXB and non-LMXB clusters. While overall cluster properties such as half-light radius and total luminosity are not extremely sensitive to the details of surface-brightness model fitting (see the bottom panel of Figure 4 ), the same is not true for core parameters such as central density and core radius-precisely those which are used to compute the collision rate. 6 Using measurements from a single bandpass would mitigate any measurement bias and/or systematic offsets between bands and also any issues involved in transforming measurements to a single band, but at the cost of greatly reduced sample size. For example, 24 LMXB clusters have observations in F814W, but only 12 non-LMXB clusters do; the numbers are reversed for F606W. While a comprehensive comparison of LMXB and non-LMXB clusters in the northern half of M31 will be possible after the completion of the PHAT survey, for now we proceed with the analysis by choosing one fit per object on the basis of the lowest χ 2 (for the 'outlier' clusters in Figure 4 , we use the red bandpass fit). The chosen bandpass for each LMXB object is indicated in Table 4 . Figure 7 shows the distribution of K66 structural parameters for M31 clusters with and without LMXBs. As in previous work (e.g. Trudolyubov & Priedhorsky 2004; Jordán et al. 2007; Peacock et al. 2009 ), we find that GCs hosting LMXBs are more massive than typical clusters. Also consistent with previous work (e.g. McLaughlin & van der Marel 2005; Barmby et al. 2007; Masters et al. 2010) , we find that, for the overall cluster population, the half-light radius, core Note.
Analysis and discussion
-Asterisks indicate the model fit used for subsequent analysis. Column descriptions: Rc, the model projected core radius, at which intensity is half the central value; R h , the model projected half-light, or effective, radius (that contains half the total luminosity in projection); L V , the total integrated model luminosity in the V band; Mtot = L V (M/L) V , the integrated model mass; ρ 0 : the central volume density; Γ = ρ radius, and concentration are not strongly correlated with cluster mass. However, compared to non-LMXB clusters of the same mass, LMXB clusters have larger median concentrations and central densities, and smaller radii. We compare the two sets of clusters with a Kolmogorov-Smirnov (KS) test, we find that the distributions of all of the parameters plotted in Figure 7 , as well as those in Figure 2 , differ between the LMXB and non-LMXB samples at the p < 0.01 level. We remind the reader that these differences may well be due at least in part to the different spatial distributions of the two samples (see Figure 2) .
Cluster core radius ρ 0 and central density R c both contribute to the stellar collision rate Γ, for which the most commonly-used estimate is
This theoretical expression for collision rate was first suggested by Verbunt & Hut (1987) and arises by integrating the stellar collision rate per volume over the entire volume of the cluster (see Verbunt et al. 2008 for a full derivation). made the important point that this expression "implicitly assumes that the stellar velocity dispersion in the cluster core can be estimated correctly from the virial theorem," an assumption that we have also made in this analysis. While there are a number of different proxies for stellar collision rate in the literature, found the expression above to be an accurate representation of the collision rate to within ∼ 25% for most clusters.
The dynamical formation scenario for LMXBs implies that a large stellar collision rate should indicate a higher likelihood of the presence of an LMXB. We computed Γ for the cluster sample using Equation 4, and find significant differences between clusters with and without LMXBs. The LMXBhosting clusters have a larger average value of Γ than the non-LMXB clusters and a KS test rejects the hypothesis that the two sets of Γ values are drawn from the same distribution at the p < 0.001 level. Γ is known to be correlated with mass, but LMXB clusters have higher Γ than non-LMXB clusters of the same mass, as shown in Figure 8 . This is consistent with the previous findings from P10, and with the dynamical formation theories of LMXBs. We also computed the collision rate at the half-light radius, Γ h . We follow Sivakoff et al. (2007) 
(omitting the numerical factors). The top panel of Figure 8 shows that there is less offset between the LMXB and non-LMXB populations in Γ h compared to Γ, particularly for high masses. As for Γ, a KS test rejects the hypothesis that the two samples are drawn from the same distribution at the p < 0.001 level.
To what degree is the stellar collision rate enhanced in LMXB-containing clusters? A simple way to estimate this is by looking at the offset in Γ between LMXB and non-LMXB clusters of the same mass. A weighted linear fit of the non-LMXB clusters (dashed line in Figure 8 the predicted stellar collision rate from the non-LMXB cluster fit was calculated for all clusters. The offset found for those clusters with LMXBs was log Γ X = log Γ noX,pred + 0.78. The stellar collision rate for a cluster with an LMXB is, on average, ∼ 6 times larger than that of a similar-mass cluster without an LMXB. The corresponding offset for Γ h is ∆(log Γ h ) = 0.312, or a multiplicative factor of 2.1.
We have shown that, compared to non-LMXB clusters, LMXB-containing globular clusters in M31 have enhanced stellar collision rates Γ. However, there are at least two possible contaminating factors involved: metallicity and galactocentric distance. Previous work has suggested that LMXBs tend to reside in clusters with higher metallicity, both in the Milky Way and M31 (Bellazzini et al. 1995) and in the elliptical galaxy NGC 4472 (Kundu et al. 2002) ; the latter authors found that red metal-rich clusters are 3 times more likely to host an LMXB than blue metal-poor clusters. Average M31 cluster metallicity declines with galactocentric distance (Fan et al. 2008) , while average cluster size increases (Barmby et al. 2007) , and of course size is an important contributor to Γ. The other contributor to Γ, central density, is strongly related to mass (Figure 7) . P10 plotted the residual from the stellar collision rate versus mass relationship against metallicity and inferred that metallicity could not explain the offset seen in collision rate for LMXB clusters (see Figure 8 in P10). We have a cluster sample nearly three times the size of that used by P10, but one in which the LMXB and non-LMXB sub-samples differ in metallicity and location (see Figure 2) , so it is important to attempt to control for these differences.
One approach to analyzing the relationship between metallicity, location, structure, and LMXB occurrence in globular clusters involves the use of logistic regression. This technique, not commonly used in astronomy, treats the problem of modeling a binary response variable. The probability of success p is transformed by the logit function ln[p/(1 − p)], which is then modeled as a linear function of the independent variables using regression techniques. An important characteristic of logistic regression is the fact that the resulting parameters are not biased by the use of retrospective sampling (i.e., of sets of 'successful' and 'unsuccessful' cases) as opposed to random, prospective sampling (Abraham & Ledolter 2006) . Our sample selection more closely matches the retrospective approach. We used maximum likelihood estimation as implemented in the Python statsmodels package to model the probability of a cluster containing an LMXB; the results of the logistic regression analysis are given in Table 5 . Experiments showed that the fit results were insensitive to the inclusion of the clusters B138 and BH16, the outliers in Figure 7 , so we retained them in the sample.
Our initial model was for P (LMXB) as a function of four variables, [Fe/H], log 10 R gc , log 10 M , and log 10 Γ. The function is
with the coefficients β and their standard errors given as model 1 in Table 5 . (The intercept β 0 is a measure of the sampling proportions in the data and has no physical significance.) While our sample is defined by the available HST data and we cannot entirely remove sample bias, we tried h r 2 h . Clusters with LMXBs typically show larger than expected stellar collision rates for their mass, with the offset in Γ larger than that for Γ h , and larger at lower mass.
to check for biases by repeating the model-fitting for 500 trials where 30 LMXB and 30 non-LMXB clusters were selected at random from our full sample, and for an additional 500 trials with 41 clusters of each type (i.e., the full LMXB sample with a randomly-selected comparison sample). While there was variation over the trials in the magnitudes of β, their signs and overall order of significance did not change.
As expected, Γ had a strong positive effect on P (LMXB) -increasing Γ by a factor of 10, while keeping all other variables constant, increases the odds of a cluster containing an LMXB by a multiplicative factor of exp(β 4 ) = 138. Distance from the center of the galaxy R gc also affects P (LMXB) in the way expected from Figure 2 : clusters further from the center of the galaxy are less likely to contain an LMXB. Interestingly, β 1 , the coefficient corresponding to [Fe/H], is not significantly different from zero at the p < 0.05 level. This is consistent with the results of P10, who also found that metallicity was a less important contributor to P (LMXB) than cluster luminosity or collision rate. The lack of dependence on [Fe/H] could be due to the biases in our sample, or could indicate that the relationships between [Fe/H] and the other variables capture all of the variation due to metallicity. Also interesting is that β 3 , the coefficient corresponding to log M , is negative-that is, for two clusters with the same collision rate Γ, the higher-mass cluster has a lower chance of containing an LMXB. The latter finding is consistent with Figure 8 , in that the offset in Γ between LMXB and non-LMXB clusters is reduced at higher masses.
Given the non-significance of a dependence on [Fe/H], we re-fit the logistic model including only log R gc , log M , and log Γ (model 2 in Table 5 ). Both the Akaike and Bayesian information criteria 7 favored the three-parameter fit over the four-parameter one, although Table 5 shows that the parameters for the two types are not greatly different. Given the correlation between mass and Γ (Figure 8) , it is reasonable to ask whether both are needed in the logistic regression. We performed two-parameter fits with log R gc and either log M or log Γ, but the information criteria used above favored the three-parameter fit in both cases. Returning to the three-parameter fit, we again ran the 500-trial model-fitting exercise with a random selection of non-LMXB clusters. The distribution of parameter values resulting from the 500 fits (model 3 in Table 5 ) matches the 95% confidence intervals for the full-dataset fit reasonably well. To summarize the results graphically, we used the three-parameter fit (model 2) results to predict P LMXB on a grid of values spanning the observed ranges in log R gc , log M , and log Γ. The left panel of Figure 9 shows P LMXB as a function of log M , and log Γ, averaging over the log R gc range, while the right panel demonstrates the relatively small effect of changes in log R gc on P LMXB (M ).
What do the regression results mean, physically? The positive dependence on collision rate supports the idea that dynamical interactions are responsible for LMXB formation. The weak negative dependence on galactocentric distance could be a result of the relations between cluster position and both structure and metallicity. Having all metallicity dependence be related to cluster 7 The AIC and BIC are two commonly used criteria for deciding which of a set of models adequately describes a regression, while giving preference to models with fewer parameters (Abraham & Ledolter 2006) . position would be different from the results of Kim et al. (2013) , who found that, for elliptical galaxies in Fornax and Virgo, the LMXB enhancement in metal-rich clusters is not affected by cluster mass, position, or collision rate [although the collision rate used by Kim et al. (2013) is Γ h , which found to be unreliable.] Ivanova et al. (2012) suggested that metallicity effects on the red giant populations are the underlying cause of the LMXB enhancement. There are differences between the globular cluster population of M31 studied here and the GCs of cluster elliptical galaxies which might explain the lack of metallicity effect on P LMXB in M31. For example, unlike for most elliptical galaxies, the M31 globular cluster system metallicity distribution does not appear to be bimodal , and see Figure 2 , which however shows only a subsample of M31 globulars). Position-dependent selection effects in the M31 sample could also be biasing our results. The available M31 X-ray data restrict our study to GCs with much smaller galactocentric distances than is typical for studies of ellipticals, meaning that the number of blue metal-poor GCs in our sample is also comparatively lower. This would make a metallicity dependence of P LMXB in M31 more difficult to observe.
Sample selection biases might also explain the dependence we find for P LMXB on mass. Highermass M31 clusters were more likely to be selected for targeted HST observations, and thus have available data regardless of whether or not they were LMXB hosts. Since we searched for only LMXB-hosting clusters in serendipitous observations (which would be more likely to include lowermass clusters), lower-mass clusters could be overrepresented in our LMXB sample. A full examination of the effects of cluster mass on P LMXB , and the interactions between mass and collision rate, will be possible once an unbiased sample of M31 clusters with HST imaging is available; Johnson et al. (2012) showed a preview of what will be possible with the full PHAT dataset.
Finally, we consider the issue of whether the probability of LMXB formation is linearly proportional to collision rate. The logistic model does not have the correct functional form to address this, so we instead followed the method of Verbunt & Hut (1987) , also used by P10. We determined the total collision rate Γ t = i Γ i , then sorted the clusters by Γ i and determined the cumulative rate for each cluster C Γ,j = <j 0 Γ i /Γ t . If the P LMXB ∝ Γ then one would expect that the clusters containing (e.g.) 25% of the total collisions would also contain 25% of the LMXBs, so the LMXB clusters should be evenly distributed in C Γ,j . This analysis is sensitive to the highest computed collision rates, since they disproportionately affect Γ t , and as P10 pointed out, can also be problematic if the X-ray brightest clusters have more than one LMXB. Figure 10 shows the distribution of fractional collision rate and fractional mass (computed as C M,j = <j 0 M i /M t ) for both LMXB and non-LMXB clusters. We computed the fractional rates using both the full LMXB sample and the clusters in the upper half of the X-ray luminosity distribution (L X ≥ 2 × 10 37 erg s −1 ) to more closely match observations in more distant galaxies. KS tests reject the hypothesis that any of these distributions matches a uniform one at the p < 0.001 level, with the exception of C Γ,j for the X-ray luminous clusters (p = 0.034).
Results of the fractional rate method are not straightforward to interpret statistically. The approximate match of the fractional collision rate distribution for the high-L X clusters appears to 
: log R gc −1.34 ± 0.63 −1.25 ± 0.62 −1.28 ± 0.33 β 3 : log M −4.14 ± 1.35 −3.88 ± 1.25 −4.08 ± 0.77 β 4 : log Γ 4.93 ± 1.27 4.64 ± 1.14 4.89 ± 0.72
Note. -Model 1 is the four-parameter fit, model 2 the three-parameter fit, and model 3 the average of β values from 500 three-parameter fits on using different random selections of non-LMXB clusters. Uncertainties are standard errors of the coefficients for models 1 and 2, and standard deviations of the results over 500 trials for model 3. The top row of points for each distribution shows the full dataset while the bottom row shows the effect of omitting the LMXB clusters in the lower half of the X-ray luminosity distribution. Cluster B138 has an extreme value of the collision rate (see Section 2.3) but a low L X and so affects the top rows in the upper panel.
be consistent with the expectation that the LMXB clusters should be evenly distributed in C Γ,j , and we conclude that there is no strong evidence from the fractional rates to support a claim of nonlinearity in P LMXB (Γ). The caveat of that core radius measurement errors can easily result in erroneous non-linear P LMXB (Γ) relations, combined with the possible degeneracies in our fits and biases in our sample, would make such an effect difficult to detect in any case. We suggest that a more sophisticated regression model combined with a complete sample of M31 clusters would be a better way to approach the question of linear dependence of P LMXB on collision rate.
Summary
A search of the Hubble Legacy Archive yielded 29 M31 GCs for which structural parameters had not previously been analyzed in the context of LMXB association. Combining our fits to the surface brightness profiles of these clusters with data from the literature, we compiled a sample of 41 LMXB-hosting clusters and a comparison sample of 65 non-LMXB clusters. The LMXB cluster sample typically has higher metallicity and lower distance to the center of M31, but this is at least partly due to selection effects. Assuming a dynamical formation scenario for LMXBs, stellar collision rate can provide an indication of how likely a cluster is to host an LMXB. We find that the LMXB-hosting GCs in M31 have, on average, stellar collision rates a factor of 6 higher than non-LMXB clusters of the same mass. A logistic regression analysis indicates that P LMXB has a weak negative dependence on galactocentric distance, negligible dependence on metallicity, a strong positive dependence on collision rate, and a negative dependence on mass, although the correlation between cluster mass and collision rate means that LMXB clusters are still more likely to have higher masses.
Although our results are generally in agreement with previous results, they also raise new questions. The high stellar collision rate seen in clusters with LMXBs agrees with the dynamical formations scenario for LMXBs, and the weak effect of R gc on P LMXB is consistent with other work on cluster structure. The finding that increasing mass decreases P LMXB is new, however, and it will be interesting to find out if such a dependence is seen in a complete sample. A more complete picture of the M31 LMXB-hosting clusters will be available with the completion of the PHAT survey. Other future work that may be carried out with this dataset includes the localization of LMXBs within M31 globulars, as was done for the large M31 cluster G1 by Kong et al. (2010) . Future high-resolution imaging (for example, using large ground-based telescopes with adaptive optics) may even permit the identification of optical/near-infrared counterparts to the M31 GC LMXBs. This would shed further light on the formation pathway of X-ray binaries in these dense stellar systems.
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